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This is a LIbrary Circulating Copy which may be borrowed for two weeks. For a personal retentIon copy, call Tech. Info. DkIsIon, Ext. 5545 UCRL-19801 We show how the Zeeman pattern of the "satellites t' of spectral lines produced by the highfrequency Stark effet can be used to determine the dIrection of an oscillating electric field relative to the magnetic field. We illustrate the use of this effect as a diagnostic technique in plasma physics by observations of the Zeeman pattern of the "plasma satellites" of the 4922 He I line produced by high frequency electric fields in a beam-plasma interaction.
The highfrequency Stark effect is a powerful spectroscopic tecbniue for studying strong oscillating electric fields in plasmas.' Oscillating electric fields induce multiple quantum transitions which produce new spectral lines, "satellites" of normally forbidden or allowed lines. It.is possible to determine the frequency of the perturbing electric field from the spacing of these satellites, and the strength of the field from measurments of the intensities of, the satellites relative to the intensity of a nearby allowed line, or from the observed Stark shifts of the lines. 2
In most cases in which one would like to use this method to study oc:LLtating electric fields in a plasma, the plasma is permeated by a magnetic field. The presence of the magnetic field complicates the theoretical The probability of a transition from state i to state k is proportional to the product of the squares of two matrix elements, each one corresponding to one step of the two-step process described above; the pertinent matrix elements are given by Eqs. (2) and (3) of Ref. 2. Once a direction of observation is specified (the dirction of emission of the optical photon relative to the magnetic field) the selection rules for the change in the magnetic quantum number (Am) follow, in the usual fashion, from the condition that these matrix elements not vanish.
The selection rules for Am in the first step in the two-quantum process, in which the change in m is Am 1 , may be summarized as follows: ifE is parallel to B, Am1 = 0. If E is perpendicular to B, = ± 1. If E is right-hand
• circularly polarized and a field quantum is emitted, or if E is left-hand
• circularly polarized and a field quantum is absorbed, Am., = + 1. If E is iight-hand.circularly polarized and a field quantum is absorbed,or if is left-hand circularly polarized and a field quantum is emitted, Am 1 = -1.
If E is neither parallel nor perpendicular to , Am 1 = 0 or ± 1. We have followed the convention in plasma physics in defining right-and left-hand waves; in a left-hand wave the electric field vector rOtates in the same sense as a positive ion.
In the second step of the two-quantum transition, in which the optical photon is emitted, the usual selection rules for Am 2 (the change in m in this step) for an electric dipole transition apply: for observation perpendicular tothe magneticfield, if Am 2 = 0, the photon is polarized parallel to ("p" polarization), and if Am2 = ± 1, the photon is po1arized perpendicular to B ("3" polarization).
The Zeeman pattern of a satellite can now be calculated by evaluating the pertinent matrix elements, provided the magnetic splitting of the vanous levels is known. In Fig. 1 observation normal to B, for several possible electric field configurations.
As drawn, the patterns apply to transitions of the type (n,2) -+ (n,2 -2), an example, pattern (e), is shown for the electric field random in direction.
As an example of the application of this technique to plasma diagnostics, we show in Fig. 2 an experimentally measured Zeeman pattern of the satellites of the 4922 line of He I. The satellites were produced by high frequency electric fields generated by a strong plasma instability. We produced the plasma by shooting a 4-keV, 24-mA, 1-mm-diameter electron beam along a 7-kG magnetic field into a chamber containing helium at a pressure of 0.2 torr. The beam initially creates a plasma by collisional ionization, then interacts with this plasma and maintains it by a beam-plasma interaction
that we believe is similar to one observed by Seidi and Sunka.
Light radiated perpendicular to the magnetic field was spectrally resolved with a resolution of about 0.05 R by a Fabry-Perot interferometer 5
and a grating monochromator in tandem. At the point of observation the beam had penetrated 2.8 cm into the chamber; this was the point of maximum
• light emission. The electron beam, and therefore also the instability, was switched on and off at a rate of 100 kIIz. By using gated scalers to count the pulses from the photomultiplier that detected the light, we were able to make time-resolved (l-sec gate width) measurements of the 4922 He I line profile just before the beam was turned, off (instability present) and just after the beam was turned off (instability absent). By subtraction of the "beam-off" signal from the "beam-on" signal we were then able to discriminate against the interfering wing of the allowed line and to make a differential measurement of the intensities of the satellites. This difference in the two normalized counting rates is what is shown, as a function of LX (the separation from the center of the allowed line), as the measured data in A comparison of the measured Zeeman pattern of the satellites with the patterns shown in Fig. 1 indicated that the electric fields associated with this beam-plasma interaction have components both parallel to and perpendicular to the magnetic field. The time-averaged direction of the electric field appears to be random. Once the Zeeman pattern was identified, the frequency of the electric field could be determined; in this case it was about 71 GHz, which was 3.6 times the electron gyrofrequency, and was comparable to the electron plasma frequency in the region of the beam. We estimated the electron density from the radial dependence of the shape of the 922 line profile to be between 4 x 1013 and 10 cm on axis; the corresponding electron plasma frequencies are 57 and 90 gHz, which bracket the measured frequency.
We also made measurements at several 'wavelengths of the intensity vanation across the beam; these data, after "Abel inversion," yielded the intensities of the stronger satellite and of the allowed line as a function 
